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Abstract

During the int/erval 1960 to 1962, the Applied Research Laboratory
developed a Ni-Cr-Mo steel meeting most of the Navy .requirements for an
HY-150 steel that would permit submarines to operat at depths substantially
greater than those now attainable with HY-80 steel. I/To better define the
effect of variations in carbon, phosphorus, sulfur, and nickel on the
strength and notch toughness of this steel, a central composite rotatable
second-order statistically designed experimental. program was conducted.

The results were obtained in the form of a series of equations
that predict for Laboratory-produced Ni-Cr-Mo steel the effect of the ele-
ments studied on the yield strength, tensile strength, elongation, reduction
of area, Charpy V-notch energy absorption at +80 F and -80 F, lateral expan-
sion at +80 F and -80 F, and shear-fracture appearance at -80 F.

The equations predict that (1) an increase in carbon content from
0.10 to 0.20 percent would increase the yield strength about 14,000 psi,
correspondingly decrease the elongation about 2 percent, and decrease the
energy absorption at +80 F about 17 ft-lb; (2) an increase in sulfur from
0.005 to 0.010 percent would decrease the reduction of area about 2 percent
and reduce the energy absorption at +80 F about 10 ft-lb; (3) an increase
in nickel content from 4.0 to 8.0 percent would decrease the energy absorp-
tion at +80 F about 5 ft-lb and lower the transition temperature; and (4)
variations in phosphorus content between 0.004 and 0.018 percent would not
influence the tensile and impact properties. _

These results are being used to guide the alloy development of
steels with optimum compositions to meet revised Navy requirements for a
submarine-hull weldment having a yield strength of 130 to 150 ksi.
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Introduction

The Applied Research Laboratory has been conducting investiga-

tions to develop high-yield-strength steels that the U. S. Navy Bureau of

Ships has indicated are needed for future submarine-hull construction.

Such steels would permit submarines to operate at depths significantly

greater than those now attainable with HY-80 steel. For this appli-

cation, the Navy requires, as an immediate goal, a steel that will exhibit

a yield strength in the range 130,000 to 150,000 psi with good toughness

at ice-water temperatures, good fabricability, and good weldability in

plate thicknesses through 4 inches.1)*

From studies conducted from 1960 to 1962, the Laboratory devel-

oped a 7½Ni-Cr-Mo steel that met most of the Navy requirements for an

HY-150 steel.2) However, to establish the optimum yield-strength-

toughness relation with respect to variations in carbon, phosphorus, sul-

fur, and nickel content, the Laboratory investigated the effect of these

elements on the mechanical properties of Ni-Cr-Mo type steels by using a

central composite rotatable second-order statistically designed program.

The particular elements studied were selected because they were expected

to exert the most important influence on the mechanical properties of the

steel. The present report summarizes the results of the statistical

*See References.
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evaluation conducted to determine the effects of carbon, phosphorus, sul-

fur, and nickel on the tensile properties and Charpy V-notch impact prop-

erties of quenched and tempered Ni-Cr-Mo type steels.

Materials and Experimental Work

Chemical Composition

The composition levels desired for the elements studied and the

composition ranges for the elements held constant are listed in Table I.

The chemical compositions of the individual steels investigated are shown

in Table II.

Melting and Rolling Procedures

To furnish material for the aforementioned statistical study,

thirty-one 100-pound Laboratory air-induction silicon-aluminum-killed

heats were melted and air-cast into 3- by 8-inch slab ingots. The melting

procedure for the heats is described in detail in Appendix A. The result-

ing slab ingots were heated to 2180 F, rolled parallel to the ingot axis

to 1-inch-thick plate, air-cooled, and cut into three equal lengths. The

1-inch-thick plate sections of each steel were then heated to 2150 F,

cross-rolled to 1/2-inch-thick plate, and air-cooled.

Heat Treatment

An 8- by 8- by 1/2-inch cross-rolled plate for each steel was

austenitized for 1 hour at 1475 F, water-quenched, tempered for 1 hour at

1025 F, and water-quenched. This treatment was selected on the basis of a
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previous study2i) which indicated that the 7½Ni-Cr-Mo steel exhibited

optimum yield strength and notch toughness when heat-treated in this way.

Mechanical Tests

Duplicate longitudinal (parallel to the final rolling direction)

and transverse 0.252-inch-diameter tension-test specimens and triplicate

longitudinal and transverse Charpy V-notch impact-test specimens were

machined from the midthickness of each quenched and tempered plate. The

tension-test specimens were tested at room temperature, and the impact-

test specimens were tested at +80 F and -80 F.

Statistical Design

The central composite rotatable second-order statistically

designed program, described in Appendix B, was selected as the experimental

design for the investigation so that the main effects and second-order

interactions of the elements (C, P, S, and Ni) on the tensile and the

Charpy V-notch impact properties of a Ni-Cr-Mo type steel could be

evaluated. The effects of other elements (Mn, Si, Cr, Mb, Al, and N) on

these properties had been evaluated in an earlier study.2)

Results and Discussion

Tensile Properties

The longitudinal and transverse tensile properties of the heat-

treated plates of the experimental steels are shown in Tables III and IV.

-4-
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The tensile strengths-when grouped by the carbon content ranges

0.10 to 0.13, 0.14 to 0.17, and 0.18 to 0.20 percent-were 165 to 175, 170

to 176, and 177 to 184 ksi, respectively, for longitudinally oriented

specimens, and 165 to 170, 171 to 179, and 175 to 184 ksi for transversely

oriented specimens. The yield strengths (0.2% offset) for the aforemen-

tioned carbon ranges were 152 to 156, 155 to 161, and 159 to 165 ksi for

longitudinally oriented specimens, and 151 to 157, 151 to 161, and 159 to

167 ksi for transversely oriented specimens.

For the entire carbon-content range, the experimental steels

exhibited elongation values of 17.0 to 20.0 percent and reduction-of-area

values of 53.0 to 68.1 percent in the longitudinal direction, and values

of 16.5 to 21.0 percent elongation and 59.9 and 68.9 percent reduction of

area in the transverse direction.* These data indicate that all the

steels studied achieved, in 1/2-inch-thick, cross-rolled, quenched and

tempered plate, the minimum tensile-property requirements for an HY-150

type steel and that no large differences between longitudinal and trans-

verse tensile properties existed.

Charpy V-Notch Impact Properties

The longitudinal and transverse Charpy V-notch impact properties

(at test temperatures of +80 F and -80 F) for the cross-rolled, 1/2-inch-

*Transverse ductility is slightly higher than longitudinal ductility
because the 1/2-inch-thick plate received more work in the transverse
direction than in the longitudinal direction.
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thick, quenched and tempered plates are shown in Tables III and IV.

Steels C, E, and T exhibited the best energy-absorption values

for transversely oriented specimens tested at -80 F (values of 57, 57,

and 58 ft-lb, respectively). These three steels were low in sulfur

(0.004 to 0.006%) and relatively high in nickel (6.42 to 7.66%). The

other low-sulfur steel studied (Steel JJ) contained a considerably lower

nickel content (5.20%), and although its transverse impact-test shelf-

energy value was high at the +80 F test temperature, the transverse

energy absorption at -80 F was low (63 and 35 ft-lb, respectively).

Longitudinally and transversely oriented specimens of all the

steels exhibited 100 percent Charpy V-notch shear-fracture appearance at

a test temperature of +80 F except for Steel Z, which exhibited 95 per-

cent shear-fracture appearance. Steel Z had the lowest nickel content of

any of the steels studied. At a test temperature of -80 F, it was ob-

served that the Charpy V-notch shear-fracture appearance decreased from

100 to 35 percent as the nickel content of the steels decreased.

Equations for Predicting the Mechanical Properties
of a Ni-Cr-Mo Type Steel

Shown in Table V are equations statistically relating the com-

position to the room-temperature tensile properties and to the Charpy

V-notch impact properties at test temperatures of +80 F and -80 F for the

-6-
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31 steels investigated. The equations permit an approximation* of the

longitudinal and transverse mechanical properties of 1/2-inch-thick

cross-rolled plate from Laboratory-melted Ni-Cr-Mo type steel water-

quenched and tempered at 1025 F.

Examination of the equations reveals that in the ranges

studied, phosphorus content had no effect on the tensile and impact prop-

erties. Yield strength, tensile strength, and elongation were influenced

by carbon content alone, reduction of area by carbon and sulfur content,

and impact properties by carbon, sulfur, and nickel content with the

exception of shear-fracture appearance, which depended only on nickel

content.

Tensile Properties - Equations 1 through 4, Table V, present

the relations between the longitudinal room-temperature tensile proper-

ties and the chemical composition. Equations 10 through 13 give the

transverse room-temperature tensile properties and are generally similar

to the equations for predicting the longitudinal tensile properties.

Figure 1 graphically represents the aforementioned transverse equations**

*Valid only for the composition ranges studied, Table I.

**Transverse properties are presented in the examples because the 1/2-
inch-thick plate received more work in the transverse direction than in
the longitudinal direction, and thus, the transverse properties are
slightly superior to the longitudinal properties.
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for the composition levels studied. The relations shown in the figures

were calculated from the equations by using the average value of the fac-

tors for the element involved.

The equations and figures illustrate the sensitivity of the

tensile properties of the steels studied to variations in chemical compo-

sition. For example, Equations 10 through 12 and Figure 1A indicate that

an increase in carbon content from 0.10 to 0.20 percent will result in an

increase in transverse yield strength of 14,000 psi (from 151 ksi to 165

ksi), an increase in transverse tensile strength of 17,000 psi (from 165

ksi to 182 ksi) , and a decrease in transverse elongation from 19 to 17

percent. Equation 13 and Figure lB show that a simultaneous decrease in

the carbon content from 0.20 to 0.10 percent and in the sulfur content

from 0.010 to 0.005 percent will result in an increase in transverse re-

duction of area from 62.4 to 68.8 percent. Examination of Equations 1

through 4 shows that the longitudinal tensile properties are influenced

by chemical composition in a manner similar to the transverse tensile

properties. Longitudinal yield strength, tensile strength, and elonga-

tion appear to be somewhat less sensitive to variations in the carbon

content of the steel than the corresponding transverse properties. Lon-

gitudinal reduction of area is considerably more sensitive to variations

in sulfur content than transverse reduction of area.
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Charpy V-Notch Impact Properties - Equations 14 through 18 show

the effect of the elements studied on the transverse Charpy V-notch

impact properties of the steels at +80 F and -80 F, and Figure 2 graphi-

cally represents Equations 14 and 15. As in Figure 1, the relations

shown in Figure 2 are calculated from the appropriate equations (Equa-

tions 14 and 15) by using the average values of the factors for the

elements involved. Equations 5 through 9 show the effect of the elements

studied on. the longitudinal Charpy V-notch impact properties at test

temperatures of +80 F and -80 F, and are generally similar to the equa-

tions for predicting the transverse Charpy V-notch properties. The

equations for longitudinal and transverse impact properties indicate that

the energy absorption and lateral expansion at +80 F and -80 F of Labora-

tory heats of Ni-Cr-Mo type steels depend only on the carbon, sulfur, and

nickel contents, whereas the shear-fracture appearance at a test tempera-

ture of -80 F depends only on the nickel content.

Careful comparison of equations for longitudinal Charpy V-notch

energy absorption at +80 F and -80 F (Equations 5 and 6) with the

corresponding equations for transverse Charpy V-notch energy absorption

(Equations 14 and 15) shows that, although the average longitudinal

impact. energies were about 8 ft-lb lower than the average transverse

impact energies, the variations in the elements carbon and sulfur have

about the same or slightly less influence on the longitudinal impact
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energies than on the transverse impact energies. These results were

particularly surprising when compared with the previously discussed re-

sults which indicated that an increase in sulfur content caused a consid-

erably larger decrease in longitudinal reduction of area than in trans-

verse reduction of area. It is also important to note that increasing the

nickel content lowers the impact energy at +80 F (shelf energy) but raises

the impact energy at -80 F; that is, nickel lowers the transition tempera-

ture of the steel.

Use of these equations in the following example illustrates the

effect of variations in the applicable elements on the Charpy V-notch

impact properties of Laboratory Ni-Cr-Mo type steels. Equations 14

through 18 predict that at a nickel content of 4 percent, a decrease in

carbon content from 0.20 to 0.10 percent and a decrease in sulfur content

from 0.010 to 0.005 percent would result in the following changes in

transverse Charpy V-notch impact properties at test temperatures of +80 F

and -80 F:

1. Energy absorption at +80 F would increase 27 ft-lb (from 41

to 68 ft-lb).

2. Energy absorption at -80 F would increase 20 ft-lb (from 24

to 44 ft-lb).

3. Lateral expansion at +80 F would increase 20 mils (from 27

to 47 mils).
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4. Lateral expansion at -80 F would increase 12 mils (from 14

to 26 mils).

5. The change in shear-fracture appearance was independent of

the carbon and sulfur contents.

If the nickel content were increased from 4 to 8 percent while

the carbon and sulfur contents were maintained constant (0.10 and 0.005%,

respectively), transverse Charpy V-notch impact properties of the Labora-

tory steels would be predicted to change as follows:

1. Energy absorption at +80 F would decrease 5 ft-lb (from 68

to 63), and energy absorption at -80 F would increase 12 ft-lb (from 44 to

56).

2. Lateral expansion at +80 F would decrease 4 mils (from 48

to 44), and lateral expansion at -80 F would increase 7 mils (from 26 to

33).

3. Shear-fracture appearance at -80 F would increase from 44

to 98 percent.

The effect of carbon content on notch toughness is not clearly

defined in this study because a decrease in carbon content causes a

decrease in the yield strength at the same time that it causes an in-

crease in the Charpy V-notch impact energy, and thus the effect of car-

bon on the notch toughness at a given yield strength cannot be deter-

mined. However, when steels with different carbon contents are compared
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at the same yield strength, the steel with the lower carbon content would

be expected to be somewhat tougher, if similar quenched microstructure

were obtained, because it would contain a smaller percentage of brittle

carbide phase.

Thus, it is concluded that to obtain the best impact properties

in a Laboratory Ni-Cr-Mo type steel, cross-rolled, quenched, and tempered

at 1025 F, the carbon content should probably be kept as low as possible

consistent with the required strength level, the sulfur content as low as

possible, and the nickel content at an optimum level consistent with

economic factors, necessary impact properties (particularly, fracture-

appearance transition temperature) , and weldability.

Summary

The results of the present investigation may be summarized as

follows.

1. On the basis of a statistically designed study of cross-

rolled plates from 31 Laboratory induction-furnace heats, equations were

developed that predict the effects of variations in carbon, phosphorus,

sulfur, and nickel content on the longitudinal and transverse room-

temperature tensile properties and on the Charpy V-notch impact proper-

ties (at test temperatures of +80 F and -80 F) of quenched and tempered

Ni-Cr-Mo type steels.
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2. The equations predict (a) that an increase in carbon con-

tent from 0.10 to 0.20 percent would cause an increase in transverse

yield strength of about 14,000 psi, a slight decrease in transverse

elongation and reduction of area, and a decrease in transverse Charpy

V-notch energy absorption at +80 F of about 17 ft-lb; (b) that an in-

crease in sulfur from 0.005 to 0.010 percent would cause a decrease in

reduction of area of transversely oriented specimens (about 2%), a larger

decrease in reduction of area of longitudinally oriented specimens (about

3%/), and a decrease in transverse Charpy V-notch energy absorption at

+80 F of about 10 ft-lb; and (c) that an increase in nickel content from

4.0 to 8.0 percent would decrease the Charpy V-notch energy absorption

at +80 F about 5 ft-lb and lower the transition temperature (increase the

energy absorption 10 ft-lb and the shear-fracture appearance from about

44 to 98 percent at -80 F) for transversely oriented specimens.

3. All the steels exhibited essentially 100 percent Charpy

V-notch shear-fracture appearance at a test temperature of +80 F. At

-80 F, the shear-fracture appearance varied directly with the nickel con-

tent of the steels.

4. The equations also predict that variations in carbon con-

tent do not significantly influence Charpy V-notch shear-fracture

appearance; that variations in sulfur content do not significantly
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influence yield and tensile strength, percent elongation, or Charpy

V-notch shear-fracture appearance; that variations in nickel content do

not influence tensile properties; and that variations in phosphorus con-

tent have no influence on tensile or impact properties.

Recommendations and Future Work

Studies are in progress at the Applied Research Laboratory to

provide additional background information considered necessary to develop

a base-metal composition with the toughness, hardenability, temperability,

and weldability required to produce satisfactory submarine-hull steel

weldments with a yield strength of 130,000 to 150,000 psi. The results

of the present investigation indicate that, in future studies of compo-

sition,

1. The carbon content should probably be kept as low as

possible, consistent with the required strength level and hardenability,

to provide optimum toughness and weldability.

2. The sulfur content should be kept as low as possible.

3. Phosphorus contents below 0.020 percent should be satis-

factory.

4. One of the considerations for establishing the optimum

nickel content should be the effect of variations in nickel content on

the Charpy V-notch shelf energy and transition temperature.
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Appendix A

Melting Procedure

Melting control was maintained in the present work by adhering

to the following conditions:

1. The materials used were from single lots.

2. The electrolytic iron was melted under an argon shield to

maintain a low nitrogen content.

3. At "melt-in" the argon shield was removed, excessive

increases in bath temperatures were avoided, and the excess slag was

removed.

4. The heats were deoxidized with 0.22 weight percent of 95

percent ferrosilicon.

5. The alloying additions were made in the following order:

ferrophosphorus, ferrosulfide, electrolytic chromium, electrolytic

nickel, pure molybdenum, electrolytic manganese, and ferrosilicon. Each

alloy addition was stirred into the bath before the next addition was

made.

6. The slag was removed and the carbon addition for alloy

content was made.
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Appendix A (Continued)

7. Pure aluminum shot was added, and the heat was then

teemed into a 100-pound, 3- by 8- by 14-inch slab-ingot mold with a

refractory hot top. An exothermic material was then added to the hot

top.
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Appendix B

Experimental Design and Statistical Analysis

As explained in the Introduction, the purpose of the experi-

mental work was to investigate the effect of certain changes in chemical

composition on the mechanical properties of Laboratory-melted Ni-Cr-Mo

steels. On the basis of previous experimental evidence, it was believed

that the elements to be varied and the composition levels of interest

were those given in Table I of the body of this report. It was further

believed that the mechanical properties of these steels were related to

the elements investigated by second-order equations. Thus, after a

thorough consideration of all the known types of experiment plans, a

central composite rotatable second-order design was selected as the one

best suited to the purpose. When four elements are to be investigated,

this type of design consists of the following:

1. Sixteen heats, comprising a 24 factorial.

2. Eight star-point heats.

3. Seven center-point heats.

The design composition of the necessary 31 heats is given in Table B-I.

After the experimental work was completed, a number of second-

order equations were fitted to the data. Each equation expressed one

mechanical property as a function of the four elements investigated.

(Since the ladle-analysis values were often substantially different from
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Appendix B (Continued)

the aim values, regression analysis, not analysis of variance, was used

to obtain these equations.) After dropping out the terms judged to be

insignificant, the resulting equations are those tabulated in Table V of

the body of this report. Also computed were 95 percent confidence

limits on each regression coefficient, and these are also given in Table

V.
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Table B-i

Design Composition of the Heats-Percent
(Central Composite Rotatable Second-Order Design)

Heat C P S Ni

1 0.12 0.006 0.006 5.2
2 0.18 0.006 0.006 5.2
3 0.12 0.014 0.006 5.2
4 0.18 0.014 0.006 5.2
5 0.12 0.006 0.014 5.2
6 0.18 0.006 0.014 5.2
7 0.12 0.014 0.014 5.2
8 0.18 0.014 0.014 5.2 24 factorial
9 0.12 0.006 0.006 7.6

10 0.18 0.006 0.006 7.6
11 0.12 0.014 0.006 7.6
12 0.18 0.014 0.006 7.6
13 0.12 0.006 0.014 7.6
14 0.18 0.006 0.014 7.6
15 0.12 0.014 0.014 7.6
16 0.18 0.014 0.014 7.6

17 0.09 0.010 0.010 6.4
18 0.21 0.010 0.010 6.4
19 0.15 0.002 0.010 6.4
20 0.15 0.018 0.010 6.4 star points
21 0.15 0.010 0.002 6.4
22 0.15 0.010 0.018 6.4
23 0.15 0.010 0.010 4.0
24 0.15 0.010 0.010 8.8

25 0.15 0.010 0.010 6.4
26 0.15 0.010 0.010 6.4
27 0.15 0.010 0.010 6.4 center
28 0.15 0.010 0.010 6.4
29 0.15 0.010 0.010 6.4
30 0.15 0.010 0.010 6.4
31 0.15 0.010 0.010 6.4

NOTE: For the aim levels of the other elements (held as constant as
possible), see Table I in the body of the report.
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NObs-8`5340

Table I

Nominal Composition Levels Investigated-Percent

C P S Ni

0.09 0.002 0.002 4.0

0.12 0.006 0.006 5.2

0.15 0.010 0.010 6.4

0.18 0.014 0.014 7.6

0.21 0.018 0.018 8.8

NOTE: The following elements were held constant
within the indicated composition range:

Mn Si Cr Mo Al* N

0.22 0.19 0.77 0.97 0.025 0.004
0.25 0.25 0.80 1.00 0.040 0.009

*Acid soluble.

(40.18-001) (2)
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